The North Atlantic cold bias, associated with the misplacement of the North Atlantic Current (NAC) and typically extending from the surface to 1000 m depth, is a common problem in coupled models that compromises model fidelity. We investigate the use of a flow field correction (FFC) to adjust the path of the NAC and alleviate the cold bias. The FFC consists of three steps. First, climatological potential temperature (T) and salinity (S) fields for use with the model are produced using a three-dimensional restoring technique. Second, these T, S fields are used to modify the momentum equations of the ocean model. In the third stage, the correction term is diagnosed to construct a flow-independent correction. Results using the Kiel Climate Model show that the FFC allows the establishment of a northwest corner, substantially alleviating the subsurface cold bias. A cold bias remains at the surface but can be eliminated by additionally correcting the surface freshwater flux, without adjusting the surface heat flux seen by the ocean model. A model version in which only the surface fluxes of heat and freshwater are corrected continues to exhibit the incorrect path of the NAC and a strong subsurface bias. We also show that the bias in the atmospheric circulation is reduced in some corrected model versions. The FFC can be regarded as a way to correct for model error, e.g. associated with the deep water mass pathways and their impact on the large-scale ocean circulation, and unresolved processes such as eddy momentum flux convergence.
Introduction
Climate models still suffer from large systematic errors. One prominent example is the incorrect path of the Gulf Stream and the North Atlantic Current (NAC) and the corresponding lack of penetration of warm, salty water into the so-called "northwest corner" east of Newfoundland (see Lazier 1994) . Typically, the model NAC extends zonally from Newfoundland to Europe, while in observations, the NAC turns northward, following the bottom topography associated with the Grand Banks of Newfoundland from 40 • to 50 • N and flowing into the northwest corner, before it turns eastward again. The misplacement of the NAC is associated with cold sea surface temperatures (SSTs) east and south of Newfoundland: the typical North Atlantic cold bias (see Wang et al. 2014; Flato et al. 2014) . The associated error in SST can locally be as much as 10 • C. An inevitable consequence of the cold bias is the increased importance of salinity for controlling density in the subpolar North Atlantic, calling into question mechanisms for low frequency variability in the models (e.g. Delworth et al. 1993; Born and Mignot 2012; Ba et al. 2013) .
The misplacement of the NAC is also a feature of oceanonly models driven by a specified atmosphere (see, e.g. Eden et al. 2004; Bryan et al. 2007; Hecht and Smith 2008) .
The erroneous circulation is clearly revealed in sea surface height (SSH) in the models. In particular, the path of the North Atlantic Current is too zonal and the northwest corner is missing, as in the coupled models. Going to very high horizontal resolution (e.g. 1/20th of a degree) has been shown to alleviate the bias in some models (Figure 19 in Behrens 2013; Mertens et al. 2014) . However, increasing the horizontal resolution may not, of itself, be a guarantee that the bias in a coupled model is reduced, as shown by the work of Delworth et al. (2012) and Griffies et al. (2014) where the ocean model horizontal resolution approaches 1/10th degree.
The region centred on the northwest corner has long been thought to exercise an influence on European weather and climate (e.g. Ratcliffe and Murray 1970; Rodwell et al. 1999; Rodwell and Folland 2002; Folland et al. 2012; Scaife et al. 2014 ). In models that exhibit the cold bias, the surface heat flux in this region has the wrong sign, as the atmosphere warms the ocean to counter the bias (see Section 2). Given that the surface heat flux is thought to be important in the dynamics of the storm track (Hoskins and Valdes 1990; Brayshaw et al. 2011) , it is possible that the presence of the cold bias compromises the ability of models to reproduce the correct atmospheric variability over the North Atlantic and, in particular, to produce an accurate response in forecast models to either remote forcing (e.g. from the tropics) or to local SST anomalies. Indeed, Scaife et al. (2014) report significantly improved skill at forecasting the winter North Atlantic Oscillation (NAO; see Greatbatch 2000 and Hurrell et al. 2003 for reviews of the NAO) using an improved coupled forecast model in which the cold bias is significantly reduced (Scaife et al. 2011, Scaife, personal communication) . Furthermore, it is known that the cold bias is responsible for a bias in the mean atmospheric circulation over the North Atlantic in the HiGEM model from the UK Met Office (Keeley et al. 2012) . In particular, the winter circulation over the North Atlantic in the model is too zonal and too strong westerly (a bias of roughly one standard deviation positive in the NAO).
Concerning the dynamics of the northwest corner, diagnostic model studies, in which the ocean density is specified, suggest that the deep circulation is an important factor for driving transport through vortex stretching (e.g. Greatbatch et al. 1991) , as do studies using prognostic ocean models in which the deep water characteristics are changed (Gerdes and Köberle 1995) . There is also evidence that the lateral flux of momentum by mesoscale eddies is important for driving circulation in the northwest corner region (Greatbatch et al. 2010 ). The latter is poorly represented in coarse resolution climate and forecast models (such models usually include a lateral eddy viscosity term that fluxes momentum down, rather than up, the mean gradient). It follows that at least two sources of error in the ocean model component of a coupled climate model could contribute to the circulation bias: error in the formation and pathways of deep water (both North Atlantic Deep Water and Antarctic Bottom Water) and error in the representation of mesoscale eddies and, in particular, the lateral flux of momentum by eddies.
In this article, we describe the use of empirical techniques to correct for the missing northwest corner in models. The corrections are implemented and examined in a coupled atmosphere/ocean/sea ice model (the Kiel Climate Model, KCM; Park et al. 2009 ). These techniques can be viewed as a simple way to parameterise missing physical processes in the models and to correct for model error. The first of these corrections is a "flow field correction" that is an adaption of the "corrected-prognostic" method introduced by Eden et al. (2004) . The flow field correction corrects the oceanic flow field by adjusting the pressure field using a nonflow interactive correction. The method is derived from the semi-prognostic method of Sheng et al. (2001) and Greatbatch et al. (2004) and uses climatological hydrographic data to construct a correction term that adjusts the path of the North Atlantic Current into a more realistic position. The semi-prognostic method has been used previously in a fully coupled climate model (Weese and Bryan 2006 ) with promising results. Here, we go further by making the correction non-flow interactive. The second correction technique corrects for remaining biases in SST and sea surface salinity (SSS) by adding a non-interactive correction to the surface heat and freshwater fluxes, respectively, as in traditional "flux adjustment", also referred to as "flux correction" (e.g. as used by Manabe and Stouffer 1988; Sausen et al. 1988) . Several different experiments are conducted to examine the role of each correction term from which the fundamental importance of the flow field correction emerges.
The paper is arranged as follows. The KCM and the characteristics of its errors in the North Atlantic are described in Section 2, while Section 3 concentrates on the correction techniques and their implementation in the KCM. Section 4 then presents the results and Section 5 provides a summary and discussion.
The Kiel Climate Model: the model configuration and the cold bias in the KCM
For our experiments, we use the Kiel Climate Model (Park et al. 2009 ). The atmospheric component is ECHAM5 (Roeckner et al. 2003) with T31 horizontal resolution (≈ 3.75 • × 3.75 • ) and 19 vertical levels with a lid at 10 hPa. OASIS3 (Valcke 2006 (Valcke , 2013 couples the atmospheric model to the ocean-sea ice model, in this case NEMO (Madec 2008) on the ORCA2 grid (≈ 2 • × 2 • , 31 vertical levels). In the standard configuration, no form of flux correction or anomaly coupling is used. In all simulations, greenhouse gas concentrations are kept constant at a late twentieth century level (CO 2 = 348 ppmv). Further details are described in Park et al. (2009) . With the standard configuration (referred to as Experiment CTRL in Table 1 ), the model is initialised on January 1 with the Levitus monthly potential temperature (T) and salinity (S) climatology (Levitus et al. 1998) in the ocean component and the atmospheric component using a short run in which the Levitus SST is specified at the lower boundary. The North Atlantic cold bias develops quickly and is fully formed after only 30 years of integration (not (Levitus et al. 1998) as the reference shown). The subsequent analysis uses years 31-199 of this integration. The erroneous circulation is illustrated in Fig. 1 where the mean SSH from the control run (CTRL; Fig. 1b ) is compared with satellite observations (Fig. 1a) . 1 In Fig. 1a , the northwest corner east of Newfoundland is clearly evident (note the northward bending of the height contours into this region), a feature that is completely missing from Experiment CTRL. The absence of water of tropical origin in the northwest corner leads to a substantial cold bias in the model compared to Levitus climatology (Levitus et al. 1998 ) whose amplitude reaches up to 10 • C (see Fig. 2a ). Figure 3 shows a vertical section along 43 • N passing through the core of the cold bias from which it can be seen that the cold bias extends to 1000 m depth. This is not surprising given that the North Atlantic Current extends to at least 1000 m depth in observations east of Newfoundland (see Figure 1 in Schott et al. 2006) . One effect of the cold bias is to reverse the direction of the surface heat flux compared to observations (at least in the centre of the region occupied by the bias), so that instead of the ocean heating the atmosphere in this region (Fig. 4a) , the atmosphere warms the ocean as it tries to counter the bias (Fig. 4b) . In the KCM, this error in the surface heat flux is as great as 150 W/m 2 . The error in the surface heat flux leads to an erroneous bump in the poleward heat transport centred at ∼ 50 • N due to the input of heat from the atmosphere over the region of the cold bias (see Fig. 5 , black line; discussed further in Section 4). In the Labrador Sea, too (Levitus et al. 1998) cold SSTs encourage an increase in sea ice compared to observations (see Fig. 6b ), which inhibits deep water formation and shifts the centre of convection to a location south of Greenland, disagreeing with observations (compare Fig. 6a , b where the winter mean mixed layer deep is plotted as a proxy for deep convection, and also Ba et al. (2013) ). The cold bias is accompanied by a fresh bias as can be seen in Fig. 7a , where the sea surface salinity bias is shown.
The atmospheric errors are exemplarily illustrated for the winter season (December/January/February (DJF)) by the bias in sea level pressure (SLP), shown in Fig. 8a . It can be seen that the error in SLP can be as much as 10 hPa in the North Atlantic sector and projects onto the East Atlantic pattern (Barnston and Livezey 1987) . This is rather different from the bias reported by Keeley et al. (2012) in the HiGEM model. In that case, the bias more closely resembles the positive phase of the North Atlantic Oscillation and has about half the magnitude shown here (although it should be noted that HiGEM is somewhat different in terms of model details, including resolution, compared to the KCM).
Methods
The model experiments are listed in Table 1 . The control simulation (Experiment CTRL) uses the KCM's standard configuration without any form of correction. Experiment C-FFC is the same as Experiment CTRL except that a flow field correction is applied to the horizontal momentum equations to adjust the path of the North Atlantic Current. Experiment C-FS0 is the same as Experiment C-FFC, including the flow field correction, except that an additional correction is made to the surface freshwater flux seen by the ocean model to bring the model SSS close to climatology.
Likewise, Experiment C-FST is the same as Experiment C-FFC except that both the surface freshwater flux and the surface heat flux seen by the ocean model are corrected to bring both the model SSS and SST close to climatology. It should be noted that the method of deriving the corrections (where applied) is the same for the different experiments, but the correction fields themselves are derived separately for each experiment. Hence, the correction to the freshwater flux in C-FST is different from that in C-FS0 and also the flow field corrections in each of Experiments C-FFC, C-FS0 and C-FST are different from each other, as explained below. Additionally, we also make use of Experiment C-0ST in which only the surface fluxes have been corrected (as in traditional flux correction) and no correction is made to the flow field.
The flow field correction
To correct the spurious path of the NAC and to reestablish a northwest corner in the KCM, we apply a correction to the horizontal momentum equations, leaving the model temperature and salinity equations unchanged, and only altering the model currents by a changed baroclinic pressure gradient. The method is an adaption of the "corrected-prognostic" method introduced by Eden et al. (2004) and is derived from the semi-prognostic method of Sheng et al. (2001) and Greatbatch et al. (2004) . In a first step, we alter the horizontal pressure gradient in the model momentum balance by replacing the instantaneous density variable in the model hydrostatic equation by a linear combination of model density, ρ m , and an input density, ρ i :
which can also be written as
Here, p is pressure and z is the vertical coordinate measured positive upwards. This is a flow-interactive correction, as for each time step, the new density seen in the hydrostatic equation depends on the difference (ρ i −ρ m ) between model density and input density. It should be noted that the model density itself is calculated from model potential temperature, T , and salinity, S, at the current time step, using the equation of state carried by the model, as in the uncorrected model. For the input density ρ i , it is important to use modelcompatible temperature and salinity data in order to avoid generating an unrealistic and noisy Joint Effect of Baroclinicity And Relief (JEBAR) term (see, for example, Mellor et al. 1982) due to mismatches between the input hydrographic data and the model topography. To do this, we use the robust (NCEP, 1948 (NCEP, -2012 , b as in CTRL, c C-FFC, d C-FS0, e C-FST and f C-0ST. For the heat flux-corrected experiments, the plotted heat flux includes the correction diagnostic technique (three-dimensional restoring) that is discussed by Sarmiento and Bryan (1982) as applied to the Ganachaud and Wunsch (2003) uncorrected KCM. In the upper 1033 m of the ocean model, Newtonian damping terms of the form:
and
are added globally in order to draw the model T and S fields close to the observed climatology, represented by the T c and S c fields while still retaining some freedom for the T and S fields to adapt to the model bottom topography. Here, we use the Levitus monthly climatology (Levitus et al. 1998) for the observational fields T c and S c , interpolated to model contours denote the March mean of the 15 % sea ice extent, and red dashed contours are the March mean 15 % sea ice extent as given by HadISST (1948 HadISST ( -2013 ). In the model, the MLD is defined as the depth at which the potential density referenced to the surface becomes 0.01 kg m −3 greater than at the surface time steps, and the relaxation time scale is 30 days. The robust-diagnostic model version is run for 110 years and output of T and S from the last 50 years is used to calculate a monthly climatology. The input density ρ i is then computed from this new climatology of T , S using the model equation of state.
Choice of α and localisation
Different choices for the strength of the flow field correction, i.e. the parameter α, can be made. We conducted several experiments with values of 0, 0.3, 0.5 and 0.7 for α. The case α = 0, corresponding to a "diagnostic" model, means that the horizontal flow field is determined entirely by the input density except for the vertically averaged barotropic component. In order to maximise the correction, we focus on the diagnostic case and set α = 0 in the North Atlantic between 20 • and 60 • N with a transition zone between 14 • and 20 • , and 60 • and 75 • N. Outside of this region, α = 1, corresponding to the uncorrected model, and the transition zones are such that α is continuous and varies linearly over the transition zone from 0 to 1. Finally, the flow field correction is applied only from the surface down to a specified cut-off depth. Model runs with different cut-off depths were conducted and the choice of 732 m used here gave the best results. 
The non-flow interactive correction
Eden et al. (2004) elaborated some disadvantages of the original semi-prognostic method. Among these disadvantages are changed wave dynamics, e.g. reduced Rossby wave speeds and damped eddy activity. These drawbacks can be avoided by making the correction non-flow interactive (as in what Eden et al. (2004) call the "correctedprognostic method"). In particular, in Eq. 2, the correction appears as the term (1−α)(ρ i −ρ m ). This term is diagnosed as long-term monthly means from the last 50 years of the previous flow-interactive runs (see Table 1 ). Re-inserting the diagnosed term in place of the flow-interactive correction term in Eq. 2 then provides a non-flow interactive correction. Throughout the remainder of this paper, "flow field correction" refers to the use of the non-flow interactive correction described here. The correction term can be regarded as a correction for model error and also as a parameterisation of unresolved processes in the momentum balance, one obvious candidate being convergence of the eddy momentum flux.
It is important to note that even though α is set to zero in some regions in the flow-interactive runs (noting that putting α = 0 in these runs means that the ocean model is diagnostic), the ocean component of the KCM in the non-flow interactive runs is fully prognostic and is free to evolve everywhere in the model domain. For example, in Experiment C-FFC, the only difference in the model code from Experiment CTRL is the presence of the non-flow interactive correction term. 
Surface Correction
To examine the role of inconsistencies in the surface fluxes of freshwater and heat, we set up three more experiments (see Table 1 ). In Experiment C-FS0, in addition to the use of the flow field correction, the surface freshwater flux is corrected to bring the model SSS close to the SSS in the Levitus monthly mean climatology. In order to do this, a relaxation term −γ (S − S c ) is added globally to the salinity equation in the surface level of the model with a relaxation time scale of 30 days. 2 The model is run using this relaxation term concurrently with the flow-interactive flow field correction, the latter being implemented in the same way as in Experiment C-FFC. Both correction terms are then diagnosed simultaneously from this model run as 50-year monthly means. The diagnosed corrections are then used to replace the flow-interactive corrections so that the correction terms in Experiment C-FS0 are non-flow interactive.
In Experiment C-FST, an additional correction to the surface heat flux is made in order to bring the model SST close to the Levitus monthly mean climatology. This means that in addition to the flow-interactive flow field correction and the relaxation term −γ (S − S c ) that is added to the salinity equation in the surface level, a relaxation term −γ (T − T c ) is also added globally to the equation for the potential temperature in the surface level of the model, again with a relaxation time of 30 days. All three correction terms are then diagnosed simultaneously as monthly means and these three correction terms are then used as non-flow interactive corrections in Experiment C-FST.
We also make use of Experiment C-0ST in which the surface freshwater and heat fluxes are adjusted as in traditional flux correction (e.g. Manabe and Stouffer 1988; Sausen et al. 1988) . In this case, the model is first run using the relaxation terms −γ (S − S c ) and −γ (T − T c ) applied globally in the surface level of the model. The relaxation terms are then diagnosed and the diagnosed, non-flow interactive corrections are used in the experiment. It should be noted that no flow field correction is applied in Experiment C-0ST.
Finally, we note that, for the results presented here, the global average of each surface flux correction is removed.
Experimental strategy
All experiments are initialised with the Levitus potential temperature (T) and salinity (S) monthly climatology (Levitus et al. 1998 ) in the ocean model on January 1. As noted earlier, the first simulation, the one that uses threedimensional restoring, was run for 110 years, of which the last 50 years were taken to construct the input density field ρ i .
The interactive simulations are initialised with the Levitus climatology and corrected using the input density ρ i as described above. The simulations were run in interactive mode for 249 (C-FS0) and 549 years (C-FFC, C-FST, C-0ST). The simulations are almost equilibrated after this time in the upper ocean. Differences in run times are due to the available computer resources and are not important here. Data from the last 50 years of the interactive simulations are extracted and used to diagnose the corrections for the respective non-interactive simulations, which are initialised with the Levitus climatology. For all non-flow interactive experiments, years 31 to 199 are used for the analysis, while the first 30 years are neglected to avoid the initial adjustment period. See Table 1 for an overview of the different experiments.
Results

Experiment C-FFC: flow field correction alone
Here, we describe the results from Experiment C-FFC in which only a correction to the flow field is applied. It should be remembered when interpreting these results that although α was set to zero for the flow-interactive run used to derive the correction, here the correction is fully non-interactive and the model is free to develop a different flow field from that in the flow-interactive run.
We begin by noting the improvement to the flow field, illustrated by the SSH shown in Fig. 1c . The model now exhibits the typical indentation east of Newfoundland associated with the northwest corner but with the disadvantage that there is an anomalously strong southward extending tongue of relatively low sea level along the east coast of Europe. In the northwest corner itself, the surface cold bias is reduced (see Fig. 2b ) and, in fact, a warm bias is now found south of Atlantic Canada associated with the too northward path of the Gulf Stream in the model. However, we can see from Fig. 2b that while the SST bias is reduced in the northwest corner, a surface cold bias remains in the model but is now shifted to the northeast and occupies much of the subpolar North Atlantic and the Nordic Seas. However, in contrast to Experiment CTRL in which the surface cold bias extends down to 1000 m depth, as noted in Section 2, the subpolar cold bias in Experiment C-FFC is shallow. This is illustrated in Fig. 9 which shows the bias in potential temperature at 273 m depth in the model. While a strong cold bias at this depth east of Newfoundland is evident in Experiment CTRL, in Experiment C-FFC, there is instead a weak warm bias in the subpolar North Atlantic (consistent with a weakening of the subpolar gyre circulation compared to CTRL). Comparing with Experiment C-0ST, in which there is no flow field correction but instead the surface fluxes of freshwater and heat are corrected, we see that the flow field correction is necessary to remove the subsurface cold bias; in Experiment C-0ST (see Fig. 9e ), the cold bias is still present and large (up to 6 • C) at 273 m depth, despite the fact that the bias in both SST and SSS is greatly reduced (see Figs. 2 and 7 ).
Experiments C-FS0 and C-FST: adding surface flux corrections
As can be seen from Fig. 2c , correcting the freshwater flux in addition to the flow field in Experiment C-FS0 leads to a much improved SST field. There is still a cold bias throughout the North Atlantic but this is much less severe than in Experiment CTRL or Experiment C-FFC, although with a magnitude of several degrees Celsius over wide areas. This shows that while correcting the flow field alone, as in Experiment C-FFC, is not sufficient to remove the bias at the surface in the KCM (only to move its location), making an additional correction to the freshwater flux considerably alleviates the bias in SST, despite the fact that in Experiment C-FS0, there is no correction applied to the surface heat flux. In Experiment C-FST, the surface heat flux is corrected as well as the surface freshwater flux and consequently the SST bias is relatively weak in this case. The potential temperature bias at 273 m (see Fig. 9 ) is, if anything slightly greater than in Experiment C-FS0; otherwise, these two experiments are rather similar. Figure 10 shows the overturning streamfunction in each of the model experiments. The strongest overturning is found Fig. 9 Potential temperature biases ( • C) at 273 m depth of a the KCM control experiment (CTRL), b Experiment C-FFC, c Experiment C-FS0, d Experiment C-FST and e Experiment C-0ST, using the WOA (Levitus et al. 1998) as the reference data set in Experiment CTRL, the uncorrected model version, and the weakest in Experiment C-FFC, the case that uses only a flow field correction. As can be seen from Fig. 6 , the region where deep convection occurs is much reduced in this experiment compared to Experiment CTRL. Looking at Fig. 11 , we see that the surface freshwater flux in Experiment C-FFC is actually quite similar to that in Experiment CTRL in both spatial pattern and magnitude, and that in both experiments there is a bias towards putting too much freshwater into the surface of the subpolar gyre region compared to observations. Since the AMOC is, nevertheless, weak in Experiment C-FFC compared to Experiment CTRL, it seems that in Experiment C-FFC, the circulation is not strong enough to bring sufficient warm and salty water northward to counter the stabilising effect of the surface freshening associated with the freshwater flux over the subpolar gyre region, leading to the weak AMOC in this case. 3 It is notable that the cold bias in this experiment is surfaceconfined, and coincident with a strong fresh bias in SSS (see Fig. 7 ). Furthermore, as we noted earlier, the surface cold 3 Another way of putting this would be to say that the introduction of the flow field correction pushes the model from the model state in CTRL towards a state with a collapsed AMOC, despite the fact that the pattern of the surface freshwater flux is basically the same in both experiments. The reason is probably because of the changed flow path at the surface in C-FFC compared to CTRL that can be seen from Figure 1 . In C-FFC, the surface flow path passes under the region of largest freshwater input, as can be seen by comparing Fig. 1 with Fig.  6 , whereas in CTRL the flow tends to go around the region of largest freshwater input. This means that the surface flow experiences more freshwater input in C-FFC than in CTRL.
The Atlantic Meridional Overturning Circulation (AMOC) and the poleward heat transport
bias is replaced by a warm bias at 273 m depth (see Fig. 9 ), indicating that the origin of the surface bias is the surface freshwater flux and not the misplaced circulation. In Experiment CTRL, on the other hand, the region of the cold bias is also characterised by a fresh bias in salinity at the surface but in this case, the cold bias is deep (extending down to 1000 m), indicating that the misplaced circulation has an important role to play in its dynamics. It is also notable that in Experiment C-FFC, there is a weakening of the biases in both SST and SSS in the region between the British Isles and Iceland where convection is taking place in Experiment C-FFC (see the deepened mixed layer depth in this region in Fig. 6c) . It is only here that the surface freshwater input is being mixed down by the convection and, correspondingly, heat is being mixed up to the surface. Importantly, Experiment C-FS0 shows a robust AMOC and differs from Experiment C-FFC only in the surface freshwater flux.
An interesting feature of Experiments C-FS0 and C-FST is the strengthening of the AMOC north of 40 • N compared to Experiment CTRL, suggesting a role for the flow field correction in extending the northward penetration of the AMOC (see Fig. 10f for an example). In general, the overturning cell associated with North Atlantic deep water tends to be shallower and weaker than in Experiment CTRL, the exception being Experiment C-FS0. This is true of both experiments that correct the surface heat flux (C-FST and C-0ST). This weakening of the AMOC is associated with a bias towards too little heat loss over the subpolar North Atlantic in these experiments (Fig. 4) and weakening of the deep convection in the subpolar North Atlantic compared to Experiments CTRL and C-FS0-see Fig. 6 and note the reduced mixed layer depths in Experiments C-FST and C-0ST in the subpolar North Atlantic. It is also notable that in all the experiments that correct the surface fluxes, the deep convection site is shifted, compared to Experiment CTRL, into the Labrador Sea. This is true even in Experiment C-0ST that does not use a flow field correction and also in Experiment C-FS0 that uses a flow field correction but only corrects the freshwater flux. It follows that the lack of deep convection in the Labrador Sea in the KCM is due to the inability of the surface freshwater flux in the KCM to ensure the correct SSS. It is also notable that in those model runs that support deep convection in the Labrador Sea, the representation of sea ice in the Labrador Sea is much improved (Fig. 6) . In Experiment CTRL, the Labrador Sea is largely ice covered in winter, whereas in Experiments C-FS0, C-FST and C-0ST, the ice edge is much more realistically located.
Turning to the poleward heat transport (see Fig. 5 ), we first note that all model cases, including Experiment CTRL, carry a lower ocean heat transport in the Atlantic than what is observed. Between experiments, it is not surprising that the strength of the poleward heat transport goes along with the strength of the AMOC, the strongest being in Experiment CTRL and the weakest in Experiment C-FFC. Of the cases that correct the surface fluxes as well as the flow field, the strongest poleward heat transport is found in Experiment C-FS0 that corrects the surface freshwater flux, but not the heat flux, as one would have expected based on the AMOC strength. Another feature of the poleward heat transport is the erroneous bump near 50 • N in Experiments CTRL and C-0ST (those cases that do not use the flow field correction) that arises from the strong heat input to the ocean model over the region of the cold bias (see Fig. 4 ). In the flow field corrected experiments, this bump is much smaller or even eliminated (in C-FS0), as the re-establishment of the northwest corner removes the spurious heat input that is otherwise trying to remove the cold bias.
The atmospheric circulation
The bias in the atmospheric circulation in the KCM is strongest in the winter season (December/January/February (DJF)) and for that reason, we focus on the winter season in what follows. Figure 8 shows the winter mean sea level pressure (SLP) biases in the model experiments, using the ERA-40 reanalysis for the period 1957 to 2002 as the reference data set. It is clear from Fig. 8 that the bias in all experiments is hemispheric in extent (it is not confined solely to the North Atlantic). Also, a similar bias (not shown) is found at 500 hPa. As noted in Section 2, in Experiment CTRL (the uncorrected KCM), the SLP bias can be as much as 10 hPa in the North Atlantic sector and strongly projects onto the East Atlantic pattern (Barnston and Livezey 1987) . In Experiments C-FST and C-0ST, which correct both the surface heat and freshwater fluxes, the bias is still present although reduced to about half the magnitude east of the British Isles. In these experiments, the bias is very similar that in a stand-alone ECHAM5 run of the same resolution as in Experiment CTRL and using climatological SST and sea ice at the lower boundary (see Fig. 8f) , showing that the origin of the bias shown here is in the atmospheric model. A disappointing feature is that, of the corrected models, the bias is reduced the least in Experiment C-FS0, the case that corrects both the flow field and the surface freshwater water flux, and which gives the best performance in the ocean model. The reason for this is unclear but perhaps is related to the general surface cooling in this case that can be seen in Fig. 2c (this cooling is actually hemispherical in extent-not shown). It should be noted that the bias in SLP is not changed in Experiments CTRL, C-FS0 and C-FST when 1000 years of model output are used.
Summary and discussion
We have described the use of empirical correction techniques designed to alleviate the North Atlantic cold bias that is a ubiquitous feature of coupled atmosphere/ocean/sea ice climate and forecast models (Wang et al. 2014) . The cold bias is typically associated with a too zonal path of the North Atlantic Current from Newfoundland towards Europe. The new feature here is the use of a flow field correction to adjust the path of the North Atlantic Current in order to recover the northwest corner (Lazier 1994) . Applied to the Kiel Climate Model (KCM), we found that the flow field correction almost completely eliminates the subsurface cold bias (in the uncorrected KCM, the cold bias extends down to a depth of 1000 m) leaving a shallow cold bias at the surface that is displaced northeastward from the location of the cold bias in the uncorrected model. This cold bias is, in turn, largely removed by correcting the surface freshwater flux seen by the ocean model without any need to additionally correct the surface heat flux. Interestingly, we also found that in an experiment that corrects only the surface freshwater and heat fluxes, but does not include a flow field correction, the bias remains in the subsurface with almost the same magnitude as in the uncorrected model. This shows that the flow field correction is essential for removing the bias. We conclude that in the KCM, the surface cold bias has two main origins. One is the misplacement of the North Atlantic Current in the model and the other is the inability of the surface freshwater flux to bring the model surface salinity close to the observed surface salinity.
An important aspect of the flow field correction is that it is non-flow interactive. This means that, in a linear sense, there is no corruption of the dynamics within the ocean model through application of the correction. Furthermore, because it is applied only to the model momentum equation, there are no sources and sinks of heat and salt introduced by the method. Another important feature of the method is a preliminary adjustment that is made to the input data (in this case, the Levitus climatology) in order to ensure that the input data are compatible with the model geometry (in particular, the bottom topography), avoiding issues with the JEBAR term (see, for example, Mellor et al. 1982) .
We also noted that in the KCM, the atmospheric bias over the North Atlantic strongly projects onto the East Atlantic pattern with a low surface pressure bias over and to the west of the British Isles, rather than the NAO, as reported by Keeley et al. (2012) in the case of the HiGEM model. In those experiments that include a correction to the surface heat flux, the bias was generally reduced east of the British Isles (but not significantly changed at other locations). However, Experiment C-FS0, that corrects the flow field and the surface freshwater flux only, exhibits a bias very similar to that in the uncorrected KCM. We do not know why the atmospheric bias shows no reduction in this case but suggest that it could be related to the general cooling of the northern hemisphere (not shown) in this experiment.
A particularly unfortunate consequence of the cold bias is the reversed direction of the surface heat flux in a region of the North Atlantic thought to be important for influencing European climate (e.g. Rodwell and Folland 2002) ; instead of the atmosphere taking up heat from the ocean, the atmosphere is losing heat to the ocean in an effort to counter the bias. It is, therefore, perhaps not surprising that experience at the UK Met Office strongly suggests that improved seasonal forecasts over the North Atlantic are possible in a model with a reduced North Atlantic cold bias (Scaife et al. 2014, Scaife, personal communication) . However, the cold bias has proved hard to eliminate in coupled models; even some very high-resolution coupled models still exhibit a bias as strong as in a lower resolution version of the same model (see Figure 2 in Delworth et al. 2012) . We feel, therefore, that the empirical techniques discussed here offer a pragmatic means of reducing the bias and improving the utility of coupled models, for example, for seasonal and decadal forecasting. Nevertheless, because the corrections are tuned for a present day climate, it is not clear that they should be used for long-term climate change projections or for palaeoclimate modelling in which the model climate state can differ radically from that of today.
Finally, in a future study, we shall compare the variability in the different model versions in detail with a focus on the interdecadal time scales for which the change in the mean background state between the different model versions is expected to have an impact.
